Water samples were collected at seven sites located along the River Nakdong on 30 occasions. Water quality, size and the fractal dimension (d F ) of suspended particles were measured. The laser light scattering method was used to obtain the size and d F of suspended particles. The average size of particles in this river ranged from 89 mm and 169 mm, which appears to be relatively coarse compared with other rivers worldwide. The average d F of suspended particles in this study ranged from 1.8 to 1.9. Slight variations in fractal dimension values and other particle characteristics results from various measuring methods available. The correlation analysis showed that DO, TN, NO 3 and chlorophyll-a had significant positive relationships with particles size, whereas flow rates and temperature had negative relationships. However, the factors which had positive relationships with particles size showed negative relationships with the d F of suspended particles. Generally, as the size of particles increased, the fractal dimension of particles decreased which indicated that the shape of the larger particles became more irregular relative to that of the smaller ones. To obtain and apply the statistical functional relationship between water quality characteristics, multiple linear regression equations of the size and fractal dimension of particles on explanatory variables such as pH, BOD, TSS, DO, T-N and T-P have been established.
Introduction
The characteristics of suspended particles reflect the origin of the suspended load and the modifications which the particles have undergone during transport and storage in rivers (De Bore, 1997; Krein et al., 2003) . Size distribution, shape and structure of suspended particle aggregates in rivers are often evaluated as they are considered to be important determinants of sedimentation, transport and decomposition rates. Fractal dimension has been used to describe the structure of particle aggregates and relates the length scale of the particle to two-or three-dimensional parameters such as surface area, volume or mass. In the latter case, M(R) R dF where M is the mass of the aggregate, R is its size and dF represents the mass fractal dimension (De Bore, 1997) .
The evaluation of size and fractal dimension (d F ) of suspended particles could provide the means of detecting changes in particle characteristics of a water supply and information for its management and treatment strategies. The use of image analysis for the measurement of size and d F of suspended particles in river has been reported in the literature (De Bore, 1997; Krein et al., 2003) . However, image analysis is time consuming and provides only two-dimensional fractal dimension. Recently, a technique using laser light scattering has been applied to measure the d F of particle aggregates produced in water and wastewater processes (Guan et al. 1998; Wilen et al. 2000; Wu et al. 2002) . The River Nakdong is one of the major water resources for the south-eastern part of South Korea, yet there is limited control over the intense human activity on its watershed (Chun et al., 2001; Park and Lee, 2002) . Very little data are available on the size and fractal dimension of particles in the River Nakdong. This paper presents information on the characteristics of these suspended particles in terms of size and d F , and the relationship between river water quality and suspended particle characteristics is discussed.
Materials and methods
The River Nakdong, which serves as a major water resource for the south-eastern part of Korea, flows in a south-easterly direction for 525 km and drains an area of 23,817 km 2 . While its water quality has improved, the Nakdong remains one of the most eutrophied rivers in the country. More detailed information about the Nakdong is reported elsewhere (Chun et al., 2001; Park and Lee, 2002) . A 106-km length of river (312-418 km from its mouth) was surveyed from 12 May, 2003 to 26 November, 2003 with 30 samples over this period collected from seven stations. The locations of sampling stations are shown in Figure 1 .
Grab samples were taken by immersing a 4-L polyethylene container 30 cm below the water surface near the river bank at sites 5 and 7. Sites 1-4 and 6 were located near bridges, locks or weirs to facilitate ease of sampling and to measure the depth and velocity of flow. At these sites, the samples were taken from the centre of the river.
In this study, the laser light scattering method was used to obtain the size and d F of suspended particles. Measurements of size and fractal dimension of suspended particles were carried out using a Mastersizer/E, which utilises the principle of static laser light scattering (Guan et al., 1998) .
Statistical analyses were conducted using SAS software in order to identify the relationships between the particle characteristics and specific water quality parameters. The average precipitation of this area has been reported to be approximately 1,231 mm. Two-thirds of annual precipitation occurs between June and September. However, the annual precipitation of 2003 exceeded 2,715 mm. The flow conditions of the Nakdong river during this study were not typical of summer owing to the high flow contribution from unusually heavy precipitation. There was an extremely high precipitation which produced a flood in 2003. Therefore, a correlation analysis was conducted on data obtained over a restricted period (i.e. data obtained during a high precipitation period, from 16 July to 3 September, were excluded). The data with approximated water discharge rate and incomplete measurement of water quality parameters were excluded prior to statistical analysis.
Results and discussion
Figures 2 and 3 show the average size and d F of particles along the longitudinal profile of the river. There was no apparent trend in particle size and d F , although the average size and shape of suspended particles vary slightly along the profile. The maximum average particle size was observed at site 3. During the sampling period, large amounts of sand and gravel were being exploited from the river upstream of site 3. Such activity induces hydraulic and mechanical disturbance of surface-stored and gravel-stored fines, which results in resuspension of the deposited sediment, and consequently, in high concentrations of suspended particles.
As the concentration of TSS increases, the size of particles in the river increase owing to the formation of larger particles by flocculation. The d F of particles at site 3 showed the minimum value, which suggests that the formation of more porous particles was favoured at this site. Even if site 3 could not be considered to be a typical site, the results obtained comply with the observation that larger particles formed by flocculation exhibit a more porous structure. The average size of particles in this river ranges from 89-169 mm. The average particle size cited for rivers throughout the world ranges from , 1 to .100 mm (Walling et al., 2000) , which corresponds to the higher end of the observed range. Therefore, the suspended particles transported by the Nakdong appear to be relatively coarse in comparison with those found in other rivers worldwide. It is likely that the coagulation of extracellular polymer material in the river favoured the formation of relatively large aggregates. The formation of relatively large flocs seemed to be caused by the relatively high organic content and bacterial count owing to the effluents from a sewage treatment plant upstream or from other sources. However, this is unclear in this study, since the flocculating polymeric materials have not been analysed. More research is required to elucidate what factors caused the larger formation of particles. The average d F of suspended particles in this study ranged from 1.8 to 1.9, which is slightly larger than those obtained from perimeter-area relationships using image analysis techniques. The d F of fluvial suspended particles derived by the perimeter-area relationships using image analysis were reported to be 1.26-1.74 (De Bore, 1997) and 1.4 (Krein et al., 2003) . The different fractal value of fluvial suspended particles obtained from the relationship between volume concentration and mean size of particles was reported to be 2.4 (Lartiges et al., 2001) . The d F of marine snow was reported to be 1.77-2.59, which was determined by the particle concentration technique. These values are comparable with the d F , 1.7 -2.7, of particles in seawater obtained by the laser light scattering method (Risovic and Martinis, 1996) . It is therefore probable that the different measuring methods for fractal dimension of particles would provide somewhat different values of d F or diverse characteristics of particles. The laser light scattering method used in this study reflects the structure on microscale (surface smoothness), whereas other methods describe the surface of the entire particles (Wu et al., 2002) . Therefore, it is not possible to represent the shape of fluvial suspended particles using d F determined by a single method. Nevertheless, the existence of significant relationships between the d F and factors in the environment and engineering have been reported in the literature (Jin et al., 2003) . Figures 4 and 5 show the seasonal variation of average size, d F of particles with flow rates. All of them had significant inter-year variations, which was most pronounced in the flow rate. As the flow rates increased, the particle size decreased and the fractal dimension increased. As suspended particles are mechanically stressed during high flows, the particles are disintegrated, generating particles which are smaller in size and more regular in shape, as indicated by the higher d F . Similar results from experiments and analyses of rivers have been reported for the formation of regular-shaped particles by high flow rates (Krein et al., 2003) . Figure 6 shows the variations in the concentrations of TSS and chlorophyll-a over the sampling period, i.e. much higher TSS values during summer (June-October) and lower TSS values during autumn to early winter (September-November). The seasonal variations of water turbidity might be explained by the change in water runoff caused by high precipitation. As the flow rates increased, the concentration of TSS increased but that of chlorophyll-a decreased. Elevated concentration of TSS from the high flow rates inhibits phytoplankton development owing to the reduced retention time and its effect on the light regime. As the concentration of TSS decreased, the concentration of chlorophyll-a increased and the particle size increased with decreasing d F . A similar decrease of the d F and an increase of the size of particles were observed from an algal bloom in a river (De Bore, 1997) and during a simulated phytoplankton bloom in a mescocosm (Li and Logan, 1995) . This fact implies that as chlorophyll-a increases in concentration it promotes flocculation of particles so that particles with a larger size and irregular shape are formed. Table 1 shows the correlation matrix of water qualities, particle characteristics and flow rates in the Nakdong river. The pH, DO, BOD, COD, TN, NH 3 , NO 3 and chlorophyll-a of the river are positively correlated with particle size. Among these, DO, TN, NO 3 and chlorophyll-a are more correlated than BOD and COD. In this river, oxygen demand matters are less correlated with the particle size. Comparative analysis of the natural particle aggregates from the Nith river and engineered particle aggregates from the activated sludge revealed a similar association of structural entities, particularly with respect to the extracellular polymeric substances secreted by microorganisms (Liss et al., 1996) . The extracellular polymeric substances form the framework of particle aggregates. In activated sludge systems, flocs deflocculated under anaerobic conditions and reflocculated when they were subjected to aerobic conditions. The deflocculation took place only to a minor extent when nitrate was present. Aerobic and anoxic conditions in the presence of nitrate was reported to prevent deflocculation (Wilen et al., 2000) .
These facts indicate that higher concentrations of DO and NO 3 in the river seem to favour promoting the flocculation of particles so that larger fluvial particles can be produced. The positive relation between the chlorophyll-a and particle size demonstrates that algae with chlorophyll-a enhances flocculation for particle formation due to their stickiness. The factors which can be positively correlated with d F are flow rate, temperature, pH, TSS, BOD, COD and T-P. Interestingly, the flow rate and temperature showed a significant positive correlation with d F whereas DO, T-N, NO 3 and chlorophyll-a showed significant negative correlation with d F . The increase in d F was accompanied by a decrease in particle size. However, the factors, which had positive relationships with particles size showed negative relationships with the d F of suspended particles. Concentrations of TSS were significantly correlated with water flow. During high flow periods, TSS concentrations were generally enhanced, reflecting increased sediment erosion and transport at these times. However, water qualities, such as DO, BOD, COD, TN, NH 3 , NO 3 , TP and chlorophyll-a were inversely correlated with river flow in the Nakdong. The data seemed to indicate the importance of point sources to its input which was diluted at higher flows. Temperature has the most significant relationships with particle characteristics, followed by flow rates and DO. Temperature has been reported to control algal growth. Particle size and chlorophyll-a concentration increased with temperature until June. These trends were evident in positive correlations of particle size and chlorophyll-a concentration with temperature. Thereafter, the relationships became negative, which was indicative of decline in the chlorophyll-a concentration. A high concentration of TSS and high flow rate during summer resulted in low chlorophyll-a concentration, even though the temperature during this period was known to promote the primary production of chlorophyll-a. Previously, Balbi (2000) studied the long-term and spatial trends of suspended chlorophyll in the River Nene, which is a small nutrient-rich river in eastern England. It was observed that the spring chlorophyll concentration increased with temperatures up to approximately 15 8C, and thereafter, the relationship became less noticeable and concentration tended to decline. The temperature has a dual role in the formation of particle aggregates, which is favoured at lower temperatures but hindered at higher temperatures. Since this study was conducted from May to November, the particle characteristics at low temperatures could not be clearly explained. Further study is necessary to observe the effect of increasing temperature on particle characteristics.
To analyse and apply the functional relationship between the size and fractal dimension of particle and water quality variables, the following fitted multiple regression equations obtained.
Particle size ¼ 2403:180 þ 22:302 £ pH þ 9:348 £ BOD þ 0:041 £ TSS þ 26:610 £ DO þ 43:332 £ N 2 206:590 £ TP Fractal dimension ¼ 1:654 þ 0:058 £ pH þ 0:020 £ BOD þ 0:00035 £ TSS 2 0:026 £ DO 2 0:019 £ TN 2 0:199 £ TP From the following ANOVA (analysis of variance), the multiple regression model correlating particle size with pH, BOD, TSS, DO, TN and TP has a p value ,0.0001, which indicates the accuracy of the model. In other words, the obtained regression model could be used to estimate the particle size when pH, BOD, TSS, DO, TN and TP values are known. Similarly, the multiple regression model correlating the d F with pH, BOD, TSS, DO, TN and TP has a p value , 0.0086. Thus, the d F can also be expressed in terms of pH, BOD, TSS, DO, TN and TP values.
Conclusions
There was no apparent trend in particle size and d F , although the average size and shape of suspended particles vary slightly along the longitudinal profile of the river. The average size of particles in this river ranged from 89 to 169 mm, which appears to be relatively coarse compared with other rivers worldwide. The average d F of suspended particles in this study ranged from 1.8 to 1.9. Slight variations in fractal dimension and other particle characteristics result from the various measuring methods available. The correlation analysis showed that DO, TN, NO 3 and chlorophyll-a had significant positive relationships with particles size, whereas flow rates and temperature had negative relationships. These facts indicate that higher concentrations of DO, TN, NO 3 and chlorophyll-a in the river seem to favour promoting the flocculation of particles so that larger fluvial particles can be produced. High flow rates result in smaller size and more regular shape, as indicated by the higher d F . As suspended particles are mechanically stressed during high flows, the particles are disintegrated, generating small particles. However, the factors which had positive relationships with particle size showed negative relationships with the d F of suspended particles. In general, as the size of particles increased, the fractal dimension of particles decreased. In other words, as particles flocculate, the flocs shape became more irregular relative to that of the smaller ones. The obtained regression model could be used to estimate the particle size when pH, BOD, TSS, DO, TN and TP values are known. The d F can also be expressed in terms of pH, BOD, TSS, DO, TN and TP values.
